The mechanism by which dietary cis-unsaturated fatty acids lower low density llpoproteln (LDL) cholesterol Is unknown. Because cis-unsaturated fatty acids Incorporated Into cell membranes Increase membrane fluidity and, as a result, can alter membrane-dependent cell functions, we examined LDL binding, uptake, and degradation In upregulated U937 monocytes enriched in membrane oleate, a monounsaturated fatty acid, and membrane llnoleate, a polyunsaturated fatty acid. The same parameters were also examined In upregulated U937 monocytes enriched In membrane stearate, a saturated fatty acid, and In upregulated, unmodified U937 monocytes. Monocytes enriched In cis-unsaturated fatty acids exhibited augmented LDL binding, intemallzatlon, and degradation compared with both stearate-enriched monocytes and unmodified monocytes. E pidemiologic data have linked dietary cis-unsaturated fatty acids with a reduction in low density lipoprotein (LDL) cholesterol, 1 ' 2 but the molecular mechanism by which this occurs remains poorly understood. A number of mechanisms have been suggested, including modifications in: 1) de novo cholesterol synthesis, 2) cholesterol absorption from the small intestine, 3) physicochemical properties of LDL surface coat or core, 4) cholesterol distribution between plasma and various intrahepatic pools, 5) fecal sterol or cholesterol excretion, 6) partitioning of cholesterol among cellular regulatory "pools," 7) apolipoprotein metabolism, and 8) rates of LDL metabolism.
E
pidemiologic data have linked dietary cis-unsaturated fatty acids with a reduction in low density lipoprotein (LDL) cholesterol, 1 ' 2 but the molecular mechanism by which this occurs remains poorly understood. A number of mechanisms have been suggested, including modifications in: 1) de novo cholesterol synthesis, 2) cholesterol absorption from the small intestine, 3) physicochemical properties of LDL surface coat or core, 4) cholesterol distribution between plasma and various intrahepatic pools, 5) fecal sterol or cholesterol excretion, 6) partitioning of cholesterol among cellular regulatory "pools," 7) apolipoprotein metabolism, and 8) rates of LDL metabolism. 3 -7 Recent human and animal whole-body and whole-organ studies strongly support increased LDL catabolism as an important causative factor. The actual molecular study was undertaken to investigate the effect of shortterm culture with fatty acid-enriched media on cellular clearance of LDL in the U937 monocyte. 14 We examined LDL binding, uptake, and degradation in U937 cells in light of the extent and physical effects of fatty acyl incorporation into cell membranes. Our results indicate that cis-unsaturated fatty acid enrichment of plasma membrane phospholipids is associated with enhanced cellular LDL binding, uptake, and degradation.
Methods Materials

Na
12S
I was purchased from Amersham, Arlington Heights, IL Stearate, oleate, linoleate, heptadecanoate, and fatty acid methyl ester gas chromatography standards were obtained from NuChek Preparations, Elysian, MN. Thinlayer chromatography plates were obtained from Whatman Chemical Separation, Clifton, NJ. 1,6-Diphenyl-1,3,5-hexatriene (DPH) was purchased from Sigma Chemical, St Louis, MO. Dulbecco's modified Eagle's medium (DMEM), fetal calf serum, and glutamate were purchased from GIBCO, Lawrence, MA Culture flasks were obtained from Coming Glass, Coming, NY. Dialysis tubing was obtained from Spectrum Medical, Los Angeles, CA High performance liquid chromatography grade hexane, isopropanot, chloroform, methanol, petroleum ether, and diethyl ether were obtained from Aldrich Chemical, Milwaukee, Wl. All other chemicals were reagent grade or better.
Methods
1/937 Monocyte Preparation
U937 monocytes were kindly donated by Michael Bevilacqua of Brigham and Women's Hospital, Boston, MA. The cells were maintained in culture with DMEM, 10% fetal calf serum, and 1% glutamate in 95% O 2 and 5% CO 2 at 37°C. Glutamate was added to stock media on a weekly basis according to American Type Culture Collection instructions.
Low Density Upoproteln Preparation
Human LDL (density= 1.006 to 1.063 g/ml) was isolated from the plasma of fasting normolipidemic volunteers by sequential ultracentrifugation in 50 mM Tris, 5 mM EDTA pH 7.4. Potassium bromide was used to adjust the solvent densities. The sample was then sequentially dialyzed with three changes of 50 mM Tris, pH 7.4. 15 Total protein content was determined by the method of Lowry and colleagues. 16 LDL cholesterol was measured with a colorimetric method by using cholesterol oxidase, peroxidase, 4-hydroxybenzoate, and 4-aminophenazone. 17 Potyacrylamide gel electrophoresis (4.3%) was performed to ensure purity of the LDL LDL prepared in this manner typically had a cnotesterol-to4otal protein mass ratio of 1.3-1.7=1.
Low Density Upoproteln Radiolodlnatlon
LDL was radioiodinated by the iodine monochloride method of McFarlane 18 as modified by Langer and coworkers 19 and Sheperd and colleagues. 20 lodinated in this fashton, LDL had a specific activity of 300 to 800 cpm/ng protein.
Preparation of Oleate-, Unoleate-, and Stearate-loaded Albumin
Fatty acid-loaded albumin (oleate, stearate, or linoleate) was prepared by first making a 250 mM fatty acid solution in absolute ethanol. An 8 ml aliquot of the fatty acid solution was adjusted to pH 7.4 by using 1N NaOH and phenolphthalein in methanol as the indicator. The ethanol was then evaporated under nitrogen on a heated stirrer, and the resulting solid was dissolved in 20 ml of 0.9% NaCI. A 530 \A aliquot of the resulting solution of the fatty acidsodium salt was dissolved in 4 ml of ice-cold 20% fatty acid free bovine serum albumin (FAFBSA) in 0.9% NaCI, pH 7.4, while vortexing vigorously. The resulting solution was then adjusted to a final volume of 10 ml by using warm (37°C) 0.9% NaCI.
Oleate-, linoleate-, and stearate-loaded albumin were stored at 4°C under nitrogen and protected from light. Purity was checked by gas chromatography with the methods described below.
U937 Up-regulat/on and Fatty Acyl Modification
Cultured U937 monocytes were collected by centrifugation at 100 g for 5 minutes at 27°C. The supernatant was decanted and the cell pellet was resuspended in DMEM with 0.2% FAFBSA and 1% glutamine. After 24 hours of incubation at 37°C in 95% O 2 ,5% CO 2 , an equal volume of one of the following four media was added: 1) DMEM, 0.2% FAFBSA, 1% glutamate; 2) DMEM, 1% glutamate, 0.002% oleate-loaded albumin; 3) DMEM, 1% glutamate, 0.002% linoleate-loaded albumin; or 4) DMEM, 1% glutamate, 0.002% stearate-loaded albumin. Addition of medium 2, 3, or 4 produced a final fatty acid concentration of 0.001% (10 M9/ml) and a final bovine serum albumin concentration of 0.2% (2 mg/ml). The cells were then incubated for 24 hours at 37°C in 95% O 2 , 5% CO 2 , after which they were collected by centrifugation at 100 g for 5 minutes at 27°C and were resuspended in 1 ml of each respective medium. Aliquots of each preparation were removed before and after centrifugation to determine cell counts by using a Coulter Counter, Model ZM, equipped with a 50 /im aperture tube. Cell counts ranged from 1x10° cells/ml to 3x10" cells/ml. Cell viability was determined by Trypan blue exclusion. Routinely, viability was greater than 90%. Samples were maintained at room temperature for up to 30 minutes before use. Control, oleate-enriched, linoleate-enriched, and stearate-enriched cells were always assayed in parallel in the experiments described below.
Low Density Upoproteln Binding Assay
U937 monocytes were incubated with 12S I-LDL in the presence or absence of a 20-fold excess of unlabeled LDL at 4°C for 4 hours to determine specific binding. Each assay was carried out in DMEM with 1% glutamine and 10 mM CaCI 2 . All reagents were chilled at 4°C before use.
A range of LDL concentrations from 10 /ig/ml to 120 /ig/ml was used in each assay to generate binding isotherms. After incubation, an aliquot from each vial was removed to determine the total counts. Surface-bound LDL was separated from free LDL by centrifuging an aliquot of cells through a 0.15 M metrizamide cushion at 14 000 g for 3 minutes at 4°C. The cell pellets were isolated by amputating the tip of the microfuge tube and counting the radioactivity in a gamma counter. Total and specifically bound counts were measured, and specifically bound counts were expressed as micrograms of LDL protein bound per 10 s cells.
Low Density Upoproteln Uptake Assay
U937 monocytes were incubated with 125 I-LDL in the presence or absence of a 20-fold excess of unlabeled LDL at 37°C for 4 hours. We used a 125 I-LDL concentration of 80 /ig/ml. Each assay was carried out in DMEM with 1 % glutamine, 10 mM CaCI 2 , and 20 \M chloroquine. 21 Â fter incubation, an aliquot was removed from each vial to determine total counts. The cells were separated from the medium by centrifugation through a 0.15 M metrizamide cushion at 14 000 g for 3 minutes at room temperature. The cell pellets were isolated by amputating the tips of tubes and counting the radioactivity. The results are expressed as micrograms of LDL protein taken up per 10* cells per 4-hour incubation period.
Low Density Upoproteln Degradation Assay
The amount of 12S I-LDL degraded by U937 monocytes was determined by established methods. 21 -23 U937 cells were incubated with 126 I-LDL (80 /xg/ml) in the presence or absence of a 20-fold excess of unlabeled LDL at 37°C for 4 hours. Each assay was carried out in DMEM with 1% glutamine and 10 mM CaCI 2 . After incubation, an aliquot was removed from each vial to determine the total counts. The samples were treated with 20% trichloroacetic acid to precipitate undegraded protein-bound iodotyrosine. The precipitate was removed by centrifugation at 14 000 p'for 1 minute. The supernatant was counted to determine the amount of acid-soluble, ether-insoluble, radioiodinated material generated by the cells and released into the aqueous phase. Degradation is expressed as micrograms of LDL protein degraded per 10* cells per 4-hour incubation period.
Determination of Cellular Fatty Acyl Incorporation
After washing twice in 0.9% NaCI, U937 monocytes were extracted with hexane-isopropanol (3:2, vol/vol). A heptadecanoate internal standard was added to the lipid extract. The fatty acyl groups were transestertfied with methanolic-HCI and extracted into petroleum ether. The petroleum ether was then evaporated by using N 2 gas, and the lipids were resuspended in chloroform. Separation and identification were performed by gas liquid chromatography by using a Chrompack CP Sil 88 capillary column in a Hewlett Packard 5890A gas chromatograph equipped with an automated injector, flame ionization detector, and Hewlett Packard 3393 integrator. Separation was performed in the isothermal mode at 210°C with an injection volume of 5 /J, helium as the carrier gas, and a split ratio of 6 0 : 1 . Heptadecanoate, oleate, linoleate, and stearate methyl ester gas chromatography standards were used to determine the extraction efficiency and retention times. To determine incorporation into particular lipid classes, U937 monocytes were extracted in hexane-isopropanol (3:2; vol/vol) to which a C17
: 0 standard was added. The solvent was evaporated under N 2 , and the remaining solute was resuspended in 100 jd of hexane. The samples were applied to 20x20 Whatman LK6DF silica gel thin-layer chromatography plates. The plates were developed with hexane/diethyl ether/acetic acid (60:39:1, vol/vol/vol), and lipids were visualized with iodine vapor. With this system, neutral lipids run near the solvent front, free fatty acids, in the middle, and phospholipids remain near the origin. The spots were scraped from the plates, collected, and re-extracted in hexane/isopropanol (3:2, vol/vol). The samples were then transesterified, extracted, and identified by using the system described above.
Cellular cholesterol and cholesterol ester content was determined by the ,0-hydroxyphenyiacetic acid method of Gamble. 24 The phosphotJdylcholine and sphingomyelin content was analyzed with the thin-layer chromatography phosphorus technique of Rousser and co-workers. 25 
Determination of Plasma Membrane Fatty Acyl Incorporation
U937 monocyte plasma membranes were prepared at 4 C C by established methods.
2627 U937 cell suspensions were sedimented at 200 g for 15 minutes and were washed twice in 0.9% NaCI. Monocytes were resuspended in 15 ml of lysis medium (1 mM NaHCOs, 0.5 mM CaCI 2 , pH 7.4) and disrupted in a homogenizer (25 strokes). The cell lysate was diluted to 50 ml and centrifuged at 500 <7for 20 minutes. The supernatant was removed and saved. The pellet was resuspended in 25 ml of lysis medium and was rehomogenized. This suspension was then centrifuged at 500 g for 20 minutes, and the supernatant was removed. The two supernatants were combined and sedimented at 12 500 g\ox 20 minutes. The pellet was resuspended in 10 ml of lysis medium and mixed with 30 ml of 53% sucrose prepared in lysis medium to yield a final concentration of 40% sucrose. Twenty milliliters of the 40% sucrose was layered under 15 ml of a 30% sucrose solution. This sucrose step gradient was centrifuged at 55 000 g for 4 hours by using a Ti70 rotor in a Beckman L8-70 ultracentrifuge. After centrifugation, the 10 ml fraction just above the interface was removed from the 30% sucrose layer and diluted with 25 ml of lysis medium. This solution was then sedimented at 45 000 g for 1 hour. The pellet was extracted with hexaneisopropanol (3:2, vol/vol), and determination of fatty acyl content was performed as described above. This method results in less than 5% contamination with endoplasmic reticular and mitochondrial membranes. 1 fiM results in polarization values that are independent of the DPH concentration, while the fluorescence intensity is directly proportional to the DPH-to-membrane ratio. Fluorescence measurements were performed with a Spex Flourolog-2 spectroflourimeter (Spex Industries, Edison, NJ) equipped with a thermostat-controlled cell holder and a polarization accessory. The steady-state fluorescence polarization was measured at 5°, 15°, 25°, and 37*0 by exciting the membrane vesicle suspension at 360 nm and recording the emission at 430 nm. The polarization of fluorescence emission was calculated from the equation:
where P=polarization, I is the fluorescence intensity, the first and second subscripts refer to the plane of polarization of the excitation and emission beams, respectively (v=verrjcal, h=horizontal), and 6 = 1^^. Values were corrected for turbidity by using the method of Lentz et al. 29 
Results
Effect of Fatty Acyl Incorporation on Low Density Llpoproteln Binding
The effect of incorporating oleate, linoleate, or stearate on specific LDL binding by upregulated U937 monocytes is shown in Figure 1 . Cis-unsaturated fatty acyl incorporation was associated with increased specific LDL binding at saturation. Oleate and linoleate enrichment resulted in a significant increase in LDL binding, 0. sponds to 14% of the LDL bound by control up-regulated cells. Binding was heparin-dissociable, as up-regulated cells assayed in the presence of 6 mg/ml (900 U/ml) porcine mucosal heparin exhibited no specific binding.
Effect of Fatty Acid Incorporation on Low Density Llpoproteln Uptake
The effect of incorporating oleate, linoleate, or stearate on LDL uptake by U937 monocytes is shown in Figure 3 . During a 4-hour incubation, oleate-loaded cells internalized 201% (/CxO.001) and linoleate-loaded cells internalized 217% (yCKO.001) as much LDL as control cells, while, in comparison, stearate-loaded cells internalized only 76% ( / o<0.05) as much LDL
Effect of Fatty Acid Incorporation on Low Density Llpoproteln Degradation
The effect of incorporating oleate, linoleate, or stearate on LDL degradation by U937 monocytes is shown in Figure 4 . During a 4-hour incubation, oleate-loaded cells degraded 222% (/O<0.001) and linoleate-loaded cells degraded 295% (/0<0.001) more LDL than control cells. In comparison, stearate-loaded cells degraded 116% (/O=NS) as much LDL as control cells.
Quantltatlon of Fatty Acyl Incorporation
The cellular fatty acid profiles of U937 monocytes is shown in Table 2 . Oleate-enriched cells had a 16.9 mol% The plasma membrane fatty acyl composition of modified U937 cells is shown in Table 3 . Oleate-enriched cells had a 15.6 mol% increase in membrane oleate, an 8.3 md% decrease in membrane stearate, and a 6.1 mol% decrease in membrane palmitate. Linoleate-enriched cells had a 10.6 mol% increase in membrane linoleate, a 3.0 mol% increase in membrane oleate, a 7.6 mol% decrease in membrane stearate and a 5.9 mol% decrease in membrane palmitate. Stearate-enriched cells had a 7.3 mol% increase in membrane stearate, a 4.0 mol% decrease in membrane oleate, and a 2.9 mol% decrease in membrane palmitate.
Cellular cholesterol content did not change with fatty acid modification. The average cellular cholesterol content was 0.62, 0.63, 0.60, and 0.59 /xg/10 8 cells for control, oleate-, stearate-, and linoleate-modrfied cells, respectively (n=2). The cholesterol-to-phospholipid (C/P) ratio of fatty acid modified U937 monocytes was not altered (n=2). The average C/P ratio of control cells was 0.85 while those of oleate-, linoleate-, and stearatemodified cells were 0.82, 0.80, and 0.82, respectively. Similarly, the phosphatidylcholine-to-sphingomyelin ratios were not altered in modified U937 monocytes; these ratios in control, oleate, stearate and linoleate cells were 1.08, 1.11, 1.01, and 1.08, respectively.
Effect of Fatty Acyl Incorporation on Membrane Fluidity
The steady state fluorescence polarization of DPH incorporated into U937 plasma membrane vesicles was measured to assess the effect of fatty acyl incorporation on bulk membrane fluidity ( Table 4 ). The mole-weighted melting point of the plasma membrane based upon fatty acyl composition was calculated as a secondary Indicator of bulk membrane fluidity. The membrane melting points for control, oleate-, stearate-, and linoleate-modrfied cells were 43.2°C, 36.8°C, 44.9°C, and 35.8°C, respectively. These values indicate that membrane enrichment with cis-unsaturated fatty acids in U937 monocytes was associated with lower DPH fluorescence polarization values and lower mole-weighted membrane melting points, both indicative of a more fluid membrane environment. In addition, membrane enrichment with linoleate resulted in increased plasma membrane fluidity compared to membrane enrichment with oleate. Membrane enrichment with stearate resulted in only a slight increase in the DPH fluorescence polarization value and the mole weighted membrane melting point.
Discussion
The mechanism by which dietary cis-unsaturated fatty acids reduce serum LDL cholesterol is unknown. Since the classical LDL receptor is the primary mediator for cellular clearance of LDL, a deficiency or dysfunction of this receptor leads to elevated circulating levels of LDL and, consequently, promotes atherogenesis. A number of steps in the processing of receptor-bound LDL can be defective. Investigators have described receptors with decreased LDL affinity, alterations in receptor clustering in coated pits, changes in endosome production, and Values are given in mol% and represent the averages±SD of four experiments. The experiments were performed as described in the Methods section. The data are given in mol% and represent the average of two experiments. The experiments were performed as described in the Methods section. The data represent the average of two experiments. The experiments were performed as described in the Methods section.
DPH=1,6-diphenyl-1,3,5-hexatriene.
reduced rates of LDL degradation in lysosomes. 30 - 34 All of these processes occur within the membrane environment and, therefore, would be affected by the lipid composition of the membrane and its physicochemical properties.
In this study, the phospholipid fraction of U937 monocyte plasma membranes has been selectively enriched with the cis-unsaturated fatty acids, oleate or linoleate. As a result, global membrane fluidity, as assessed by both fluorescence polarization and calculated mole-weighted fatty acyl melting points, was increased. Other variables determining membrane fluidity, such as the cholesterolphospholipid ratio and the phosphatidylcholine-sphingomyelin ratio, were not altered. In association with cisunsaturated fatty acyl enrichment, the data demonstrate a stepwise increase in LDL binding, uptake, and degradation as a function of membrane fluidity. Conversely, plasma membrane enrichment with the saturated fatty acid stearate resulted in decreased membrane fluidity and decreased LDL binding and uptake ( Figure 5 ).
Scatchard analysis of the binding data demonstrates alterations in both maximum LDL binding and LDL receptor affinity with either cis-unsaturated or saturated fatty acyl enrichment of the U937 monocyte plasma membrane. Because cellular cholesterol content did not change, a simple increase in LDL receptor number in response to a change in cellular cholesterol stores cannot be invoked as an explanation for these observations. , receptor-specific LDL at 37°C uptake (A), and receptorspecific LDL degradation at 37°C (n) versus DPH fluorescence polarization at 37°C (rbmding=0.988, r uptt)< .=0.845, ^= 0 . 9 1 2 ) in U937 monocytes modified with specific fatty acids as described in the Methods section.
In receptor systems such as the platelet thrombin receptor, 35 the acetylcholine receptor, 38 and the /3-adrenergic receptor, 12 modification of membrane lipid composition and fluidity has been demonstrated to result in changes in receptor affinity for its ligand, receptor number, and coupled receptor functions. Increases in the cholesterol-phospholipid ratio in the platelet membrane, with the resultant effect on membrane fluidity, have resulted in a 40% decrease in the thrombin receptor high affinity association constant and a 60% increase in the number of thrombin receptor sites. 35 Functional correlation was demonstrated, with a decrease in the thrombin concentration required for half-maximal aggregation from 0.35 nM to 0.17 nM. 35 The acetylcholine receptor has been studied in the setting of reconstituted membranes with altered lipid compositions. Activator-induced receptor transition from low to high affinity states depends strongly on the lipid content of the membrane.
3738 Ion flux activity initiated by ligand binding to the acetylcholine receptor requires the presence of both cholesterol and negatively charged phospholipids. Using fatty acid spin label probes in a variety of reconstituted membranes, a correlation between membrane fluidity and both ligandinduced transitions and ion flux responses has been demonstrated. 39 Studies with Fourier transform infrared spectroscopy have shown that the membrane lipids necessary for the ion flux activity of the receptor also have a role in stabilizing the alpha-helical secondary structure essential for the optimal conformation of the acetylcholine receptor. 37 In reticulocyte ghosts, increasing membrane fluidity by phospholipid methylation facilitates /3-adrenergic coupling with adenylate cyclase to generate cyclic-AMP. 4041 Other examples of transmembrane proteins whose function are modulated by membrane fluidity and membrane lipid composition include Ca ++ -ATPase, 42 Na + -K + ATPase, 43 rhodopsin, 44 and S'-nucteotidase. 46 The data presented here suggest that the function of the LDL receptor, as well, may depend on its membrane millieu.
A number of hypotheses have been proposed to explain these observations. It has been suggested that cryptic functional sites on the receptor or cryptic receptors exist as reservoirs for adjustment of function in response to perturbations in membrane fluidity. 46 Others have suggested that lipid-induced displacement of the receptor, either vertically or laterally, as a result of changes in membrane order, could contribute to changes in receptor conformation. 47 Mathematical analyses have implied a direct relationship between receptor turnover and membrane fluidity. 46 The Optimal Fluidity Hypothesis proposes that the overt maximal velocity of receptor function may possess a peak value at a specific membrane fluidity. 46 The exact role of any of these proposed mechanisms is still unknown.
We have shown that increasing U937 membrane fluidity by enrichment with cis-unsaturated fatty acids is associated with enhanced LDL binding, uptake, and degradation. However, the specific role of membrane fluidity in modulation of LDL receptor function is unknown. Possibilities include a fluidity-induced change in LDL receptor conformation toward a more optimal state for LDL binding and/or clathrin interaction or a functional requirement for specific fatty acyl moieties in the LDL receptor lipid annulus. Clearly, LDL receptor function in the content of a more fluid membrane requires further study. It is still unknown whether other enzymes involved in cholesterol homeostasis, such as HMG-CoA reductase, can also be affected by alterations in the microsomal membrane milieu. The work of Spector and colleagues 48 and of Field and coworkers 49 suggests that acyl CoA cholesterol acyl transferase activity can be modulated by changes in fatty acid composition of microsomes.
This study demonstrates that modification of the plasma membrane by fatty acyl incorporation can dramaticaJly alter LDL receptor function. In the setting of cisunsaturated fatty acyl incorporation into the plasma membrane of U937 monocytes, LDL binding, uptake, and degradation were greatly enhanced. This may be one mechanism by which humans and animals fed diets rich in unsaturated fatty acids manifest enhanced hepatic LDL clearance. Our results suggest a novel molecular mechanism by which exogenous lipids can alter LDL clearance.
